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ABSTRACT
It is well established that roughly half of all nearby solar-type stars have at least one companion. Stellar companions
can have significant implications for the detection and characterization of exoplanets, including triggering false positives
and masking the true radii of planets. Determining the fraction of exoplanet host stars that are also binaries allows us to
better determine planetary characteristics as well as establish the relationship between binarity and planet formation.
Using high angular resolution speckle imaging, we detect stellar companions within ∼ 1 arcsec of K2 planet candidate
host stars. Comparing our detected companion rate to TRILEGAL star count simulations and known detection limits
of speckle imaging we estimate the binary fraction of K2 planet host stars to be 40 − 50%, similar to that of Kepler
exoplanet hosts and field stars.
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1. INTRODUCTION
Binary stars have long been important tools in astrophysics, providing constraints on stellar structure and evolution
through empirically determined parameters and by informing our understanding of star formation mechanisms and
outcomes. Understanding the frequency of binary star systems also has significant implications for star and planet
formation processes, and how they are affected by the presence of a companion (Ducheˆne & Kraus 2013). The frequency
of multiple star systems is a function of primary star mass, with approximately 46% of solar-type stars having at least
one companion (Raghavan et al. 2010). This is especially relevant for exoplanets studies, as nearly half of all sun-like
stars form with at least one companion and we do not yet understand the impact of stellar companions on planet
formation (Kraus et al. 2016).
From a theoretical standpoint, binary companions should have an adverse dynamical influence on planet formation
processes, including perturbing and truncating protoplanetary disks (Jang-Condell 2015), gravitationally exciting
planetesimals causing collisional destruction (Rafikov & Silsbee 2015a,b), and causing dynamical interactions that
can scatter or eject planets that have formed (Haghighipour 2006). However, discoveries of numerous planets in
binary systems, including binaries with small separations and circumbinary planets, are raising questions regarding
the formation, long-term stability, and habitability of planets in multiple star systems (Thebault & Haghighipour
2015).
The Kepler mission, in particular, has discovered nearly 7000 confirmed and candidate exoplanets with a surprising
diversity of properties and system architectures. Unlike many exoplanet surveys, Kepler was largely unbiased toward
binary stars and therefore provides the opportunity to study the influence of stellar companions on planet occurrence.
Studies of Kepler exoplanet host stars with stellar companions by Horch et al. (2014) and Deacon et al. (2016) found
no difference in stellar multiplicity between exoplanet host stars and nearby field stars. However, studies by Wang
et al. (2014b,a) and Kraus et al. (2016) have found evidence for fewer close binary companions (. 100 AU) in Kepler
exoplanet host stars.
To examine this discrepancy further and investigate a more varied sample of exoplanet host stars, we evaluate stellar
companions of exoplanet candidate host stars discovered with the repurposed Kepler mission, K2. K2 observes fields
along the ecliptic in campaigns of approximately 80 days (Howell et al. 2014), and thus far has discovered more than
500 exoplanet candidates.
The K2 targets include bright solar-like stars and low-mass stars distributed across a wide range of galactic latitudes,
many of which are suitable for follow-up characterization and atmospheric studies, serving as a precursor for the wide-
field Transiting Exoplanet Survey Satellite (TESS) mission. Understanding the role of stellar multiplicity in such
exoplanet systems is vital for accurately characterizing exoplanets and identifying systems for follow-up studies such
as transit spectroscopy with the James Webb Space Telescope (JWST) and direct imaging with the Wide-Field Infrared
Survey Telescope (WFIRST).
In addition, the pixel scale of Kepler/K2 (∼ 4′′), and even larger pixel scale of TESS (∼ 21′′), can result in flux from
background objects and companion stars being blended with the host star. If the photometric aperture contains flux
from nearby stars the measured transit depth will be smaller, causing the radius of the planet to be underestimated
(Ciardi et al. 2015). Alternately, if the neighboring star is an eclipsing binary, the eclipses may be diluted such
that they mimic transit-like signals in the light curve of the target star, producing a false positive (Brown 2003).
Therefore, understanding the frequency of bound and line-of-sight companions plays a vital role in our detection and
characterization of exoplanets.
To confirm the validity of transiting exoplanet candidates, follow-up observations such as high-resolution imaging
are used to detect nearby stellar companions and determine whether contaminating flux is responsible for transit-like
signals in the light curve. Here we focus on the technique of speckle imaging, which can deliver diffraction-limited
images of exoplanet host stars over a range of magnitudes (Kepler magnitude, Kp ∼ 8 − 17) with relatively high
dynamic range, thereby measuring the brightness and location of nearby companions within < 0.1 − 1′′ and up to 6
magnitudes fainter than the exoplanet host star (Howell et al. 2011). Such observations have been used to validate
exoplanets from Kepler and K2 (e.g., Horch et al. 2012; Everett et al. 2015; Crossfield et al. 2016; Dressing et al. 2017),
as well as catalog stellar companions (Furlan et al. 2017) and account for their effects on planetary properties and
occurrence rates (Ciardi et al. 2015; Hirsch et al. 2017; Furlan & Howell 2017).
In this paper we identify a subset of exoplanet candidate host stars detected by K2 and observed with speckle
imaging in order to examine the binarity of K2 exoplanet hosts by comparing the observed companion fraction to
that of a simulated stellar population. In Section 2 we describe the speckle observations collected for this work and
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Table 1. Observed K2 Exoplanet Host Stars
Gemini-N Gemini-S WIYN Total
562 nm Observations 0 11 0 11
692 nm Observations 34 57 127 218
880 nm Observations 34 68 127 229
Total Observations 68 136 254 458
Companions Detected (880 nm) 10 13 8 29
Unique Stars Observed 34 68 127 206
Average Kepler Magnitude 12.7 12.6 12.3 12.5
the properties of the observed exoplanet host stars. Section 3 describes our simulated stellar population, including
how we assign stellar companions to the simulated stars and the detection limits used to determine which stars and
companions are observable via speckle imaging. We then present the observed and simulated companion fractions and
compare the results in Section 4. Lastly, in Section 5 we compare our results for K2 to the Kepler results of Horch
et al. (2014) and examine our sample for suppression of close binary companions.
2. SAMPLE
2.1. Observations
The speckle data examined in this work were taken between 2015 September and 2016 June for high-resolution
follow-up imaging of planet-candidate host stars detected with K2 through campaign seven. Although the goal was to
observe as many planet hosts as possible, systems with planets estimated to be 3R⊕ or less were given higher priority
as they are nearly impossible to validate with other methods (Howell et al. 2016). Observations were conducted with
the Differential Speckle Survey Instrument (DSSI; Horch et al. 2009) using the WIYN 3.5 m Telescope at Kitt Peak
National Observatory, the Gemini North 8.1 m Telescope on Mauna Kea, and the Gemini South 8.1 m Telescope on
Cerro Pachon. Most targets were observed only once, however, ∼ 10% were observed 2 − 3 times and are listed as
separate observations in Table 1. More details of the speckle observing and data reduction procedures can be found
in e.g., Howell et al. (2011), Horch et al. (2011a), and Horch et al. (2012).
DSSI consists of two electron-multiplying CCDs that record speckles in different filters simultaneously, resulting
in two diffraction-limited reconstructed images. The reconstructed images and 5-σ detection limit curves for both
filters are available for all K2 observations at the Exoplanet Follow-up Observing Program (ExoFOP) website1. Since
2008, filters centered at 562 nm, 692 nm, and 880 nm have been used on DSSI. The 880 nm filter (54 nm wide) usually
provides a larger dynamic range, making it sensitive to fainter companions, and was used to observe all K2 planet host
candidates in this sample at least once. As not all stars were observed in any other filter, we use the 880 nm data for
this study and apply the corresponding filter transmission curve to the simulated data when comparing detection rates
(see Section 3). Table 1 shows the number of speckle observations by filter and observatory, as well as the number of
unique stars and companions observed with DSSI. Duplicate observations of four systems with detected companions
were conducted at both WIYN and Gemini. A companion was detected at both telescopes (WIYN and Gemini South)
for two of the systems and detected only at Gemini in the other two, which is reflected in the number of companions
detected at each observatory vs. the total number detected (29) in Table 1.
The equatorial and galactic coordinates of all K2 stars observed with DSSI are plotted in Figure 1. Filled cyan dots
represent systems with detected companions, while open blue dots show observed systems where no companions were
detected. The solid gray line depicts the location of the Galactic plane in both plots, with the dashed lines in the
bottom plot highlighting the region within ±20◦ of the Galactic plane. Individual K2 campaign fields are labelled in
black.
1 https://exofop.ipac.caltech.edu/
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Figure 1. Locations of planet-candidate host stars identified by K2 and observed with speckle imaging in equatorial (top) and
Galactic coordinates (bottom). Filled cyan circles indicate stars with a detected companion, while open blue circles indicate
no companion was detected. The Galactic plane is shown by the solid gray line and K2 campaign numbers are noted for all
observed campaigns. Black plus symbols in the top plot indicate the coordinates of the TRILEGAL pointings (see Section 3).
In the bottom plot dashed gray lines highlight the region ±20◦ the Galactic plane.
For the 206 unique K2 planet-candidate host stars observed with DSSI, 29 companions were detected with the 880nm
filter. The Ecliptic Plane Input Catalog (EPIC; Huber et al. 2016) ID, K2 Campaign number, date of observation,
and relevant measurements for the detected companion stars are given in Table 2. The central wavelength and width
of the filter used for each observation are listed as λ (∆λ) in nm, followed by the separation (ρ) of the two stars in
arcseconds, the position angle (θ) of the secondary star relative to the primary in degrees from north, the magnitude
difference (∆m) of the two stars, and the 5-σ detection limits at 0.2”, 0.5”, and 1.2” from the primary star. The
accuracy and precision of the astrometry is determined by comparing measured position angles and separations to
ephemeris positions of objects with known orbits (e.g., Horch et al. 2011b) or binaries with multiple observations for
Kepler/K2 targets (Horch et al. 2012). For binaries observed with DSSI at WIYN, the standard deviation between
the speckle measurements and those of known binaries is less than 0.5◦ in position angle and between 1 − 2 mas in
separation (Horch et al. 2011b), with analogous results obtained for Kepler targets observed at Gemini (θ ∼ 0.5◦
and ρ ∼ 1 − 3 mas; Horch et al. 2012). Similarly, the photometric precision is determined through comparisons with
Hipparcos magnitudes or other large-aperture speckle observations taken in similar filters (e.g., Horch et al. 2011b,
2012), leading to an estimate of DSSI’s photometric precision of . 0.15 mag. The method used to determine the 5-σ
detection limits is outlined in Section 3, or see Horch et al. (2011b) and Howell et al. (2011) for more detail. All data
summarized in Table 2 are available at the ExoFOP website, including reconstructed images and full detection limit
curves.
AASTEX K2 Stellar Companions 5
Table 2. Companion Detections
EPIC ID Campaign Telescope Date λ (∆λ) Separation Position Angle ∆m Limiting ∆m at:
No. (MJD) (nm) (”) (◦) (mag) 0.2” 0.5” 1.2”
202059377 0 WIYN 3.5m 57319.378 692 (47) 0.407 260.100 0.64 2.607 3.394 4.320
0 WIYN 3.5m 57319.378 880 (54) 0.403 260.300 0.67 2.643 3.129 3.478
202072596 0 WIYN 3.5m 57319.406 692 (47) 0.879 306.800 1.38 3.456 3.411 3.766
0 WIYN 3.5m 57319.406 880 (54) 0.873 306.400 1.38 2.524 3.247 3.408
210401157 4 Gemini-N 8m 57402.356 692 (47) 0.470 161.393 2.47 4.832 5.740 6.972
4 Gemini-N 8m 57402.356 880 (54) 0.488 162.529 2.30 4.342 5.778 7.216
210958990 4 Gemini-N 8m 57402.389 692 (47) 1.650 135.316 2.71 4.445 5.313 5.717
4 Gemini-N 8m 57402.389 880 (54) 1.793 133.880 2.38 4.819 5.510 6.183
211147528 4 Gemini-N 8m 57402.361 692 (47) · · · · · · · · · 4.511 5.924 6.933
4 Gemini-N 8m 57402.361 880 (54) 1.338 130.724 7.99 4.505 5.889 6.918
4 WIYN 3.5m 57322.390 692 (47) · · · · · · · · · 2.900 3.968 4.153
4 WIYN 3.5m 57322.390 880 (54) · · · · · · · · · 2.846 3.260 3.516
211428897 5 Gemini-N 8m 57402.531 692 (47) 1.086 43.876 1.81 4.145 4.446 4.496
5 Gemini-N 8m 57402.531 880 (54) 1.119 43.694 1.15 4.285 4.873 5.061
211886472 5 Gemini-N 8m 57404.462 692 (47) 0.323 278.86 4.02 5.463 6.952 8.691
5 Gemini-N 8m 57404.462 880 (54) 0.326 279.74 3.77 4.660 5.204 5.361
211978865 5 Gemini-N 8m 57400.492 692 (47) 1.068 28.379 3.44 4.733 4.932 5.063
5 Gemini-N 8m 57400.492 880 (54) 1.137 27.928 3.20 3.717 3.984 4.330
211987231 5 Gemini-N 8m 57403.438 692 (47) 0.906 239.035 1.67 5.452 6.254 6.970
5 Gemini-N 8m 57403.438 880 (54) 0.924 238.772 1.46 5.154 5.980 6.353
212066407 5 Gemini-N 8m 57401.490 692 (47) · · · · · · · · · 4.572 5.030 5.296
5 Gemini-N 8m 57401.490 880 (54) 0.219 183.516 4.00 4.222 5.182 5.641
5 Gemini-N 8m 57403.460 692 (47) 0.209 184.181 5.32 5.240 6.260 7.319
5 Gemini-N 8m 57403.460 880 (54) 0.222 183.596 4.06 4.707 5.981 6.640
212099230 5 Gemini-N 8m 57401.499 692 (47) · · · · · · · · · 4.966 5.643 6.029
5 Gemini-N 8m 57401.499 880 (54) 0.105 150.888 3.14 4.786 6.097 6.970
5 Gemini-N 8m 57404.448 692 (47) 0.102 148.778 3.95 4.823 6.923 9.294
5 Gemini-N 8m 57404.448 880 (54) 0.105 150.325 3.19 4.654 5.429 5.702
212138198 5 Gemini-N 8m 57403.451 692 (47) 0.250 36.936 2.06 5.013 5.903 6.653
5 Gemini-N 8m 57403.451 880 (54) 0.258 36.754 1.61 4.483 5.401 5.910
212303338 6 WIYN 3.5m 57496.227 692 (47) 0.098 151.199 2.45 3.085 3.524 3.710
6 WIYN 3.5m 57496.227 880 (54) 0.113 153.422 1.99 4.249 4.356 4.535
212315941 6 Gemini-S 8m 57562.049 692 (47) 0.064 86.159 1.12 4.588 4.952 5.057
6 Gemini-S 8m 57562.049 880 (54) 0.057 90.322 1.29 4.132 4.704 4.782
212534729 6 WIYN 3.5m 57502.303 692 (47) 0.151 292.368 0.63 3.138 3.059 3.186
6 WIYN 3.5m 57502.303 880 (54) 0.171 288.671 1.23 2.773 2.956 3.195
Table 2 continued on next page
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Table 2 (continued)
EPIC ID Campaign Telescope Date λ (∆λ) Separation Position Angle ∆m Limiting ∆m at:
No. (MJD) (nm) (”) (◦) (mag) 0.2” 0.5” 1.2”
212565386 6 Gemini-S 8m 57561.074 692 (47) 0.140 251.506 1.34 4.708 4.923 5.034
6 Gemini-S 8m 57561.074 880 (54) 0.140 250.912 0.90 4.497 4.723 4.961
212577658a 6 WIYN 3.5m 57496.312 692 (47) 1.810 174.510 0.01 3.091 3.444 3.628
6 WIYN 3.5m 57496.312 880 (54) · · · · · · · · · 3.390 3.451 3.521
212628098 6 Gemini-S 8m 57561.047 692 (47) · · · · · · · · · 4.756 5.086 5.532
6 Gemini-S 8m 57561.047 880 (54) 1.254 161.736 3.82 4.432 5.149 5.304
6 WIYN 3.5m 57498.237 692 (47) · · · · · · · · · 2.573 2.688 2.930
6 WIYN 3.5m 57498.237 880 (54) · · · · · · · · · 2.423 2.538 2.733
212651213 6 WIYN 3.5m 57495.327 692 (47) 0.114 68.641 0.55 3.576 3.757 4.101
6 WIYN 3.5m 57495.327 880 (54) 0.110 68.442 0.35 3.080 3.624 3.777
212679181 6 Gemini-S 8m 57560.083 692 (47) 1.245 30.015 1.07 4.526 4.798 4.846
6 Gemini-S 8m 57560.083 880 (54) 1.250 29.649 1.12 4.371 4.734 4.944
6 WIYN 3.5m 57495.319 692 (47) 1.478 29.730 1.48 3.068 3.520 3.710
6 WIYN 3.5m 57495.319 880 (54) 1.457 30.338 1.15 3.362 3.533 3.774
212679798 6 Gemini-S 8m 57561.064 692 (47) · · · · · · · · · 4.994 4.978 5.144
6 Gemini-S 8m 57561.064 880 (54) 0.112 339.227 2.61 4.492 4.834 4.917
212703473 6 WIYN 3.5m 57495.267 692 (47) 0.248 307.739 1.14 3.559 4.114 4.283
6 WIYN 3.5m 57495.267 880 (54) 0.245 307.482 0.94 3.200 3.291 3.457
212773309 6 Gemini-S 8m 57560.063 692 (47) 1.010 245.800 2.80 4.904 5.861 6.441
6 Gemini-S 8m 57560.063 880 (54) 1.009 245.354 1.99 4.894 5.858 6.680
6 WIYN 3.5m 57502.363 692 (47) 1.197 245.652 2.83 3.434 3.861 4.193
6 WIYN 3.5m 57502.363 880 (54) 1.180 246.190 2.04 3.106 3.399 3.613
213563657 7 Gemini-S 8m 57560.294 692 (47) 0.933 162.696 2.31 4.681 4.787 4.904
7 Gemini-S 8m 57560.294 880 (54) 0.963 350.970 3.28 4.084 4.409 4.538
213919915 7 Gemini-S 8m 57559.233 692 (47) 1.084 18.515 0.89 4.341 4.880 5.109
7 Gemini-S 8m 57559.233 880 (54) 1.090 18.226 0.96 4.119 4.814 5.373
213920015 7 Gemini-S 8m 57568.254 692 (47) 1.081 18.649 0.85 4.132 4.996 5.440
7 Gemini-S 8m 57568.254 880 (54) 1.092 18.274 0.87 4.532 5.123 5.709
214889247 7 Gemini-S 8m 57567.328 562 (43) 0.270 62.194 7.01 5.058 6.173 7.168
7 Gemini-S 8m 57567.328 880 (54) 0.245 60.756 4.60 5.227 6.503 7.661
216050437 7 Gemini-S 8m 57567.319 562 (43) 0.086 148.263 0.20 4.565 5.270 5.735
7 Gemini-S 8m 57567.319 880 (54) 0.085 148.409 0.44 4.361 5.080 5.656
218131080 7 Gemini-S 8m 57568.329 692 (47) 0.208 189.384 2.42 4.689 4.882 5.008
7 Gemini-S 8m 57568.329 880 (54) 0.196 187.294 2.55 4.626 4.740 4.847
218711655 7 Gemini-S 8m 57567.368 562 (43) 0.035 297.399 1.01 5.110 5.591 6.148
7 Gemini-S 8m 57567.368 880 (54) 0.026 297.887 1.44 4.696 5.811 6.687
aNot included in the observed companion fraction as the companion was not identified at 880nm, but listed here for completeness.
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Figure 2. Parameters of planet-candidate host stars identified by K2 and observed with speckle imaging. Filled cyan circles
indicate stars with a detected companion, while open blue circles indicate no companion was detected. Plots on the left show
stars observed at Gemini North and Gemini South, while stars observed at WIYN are plotted on the right. Gray dashed lines
show where cuts were made to the observed data (d > 1300 pc, log g < 3.0) and TRILEGAL simulations (see Section 3) to
maintain a distance-limited sample of primarily dwarf stars.
Using the WIYN 3.5 m Telescope, stellar companions with magnitude differences of ∆m ∼ 3 − 4 can be detected
to separations of ∼ 0.05” around V . 14.5 magnitude stars. Due to the greater light gathering power and smaller
diffraction limit of the 8.1 m Gemini Telescopes, however, companions can be detected at separations of 0.027” and
∆m ∼ 5 − 6 for V . 16.5 magnitude stars. Because of the different detection limits of these telescopes, we consider
the companions detected at each telescope separately and compare them to simulated stellar populations with the
appropriate detection limits.
2.2. Stellar Parameters
The stellar properties of the K2 exoplanet host stars observed at Gemini (North and South; left) and WIYN (right)
are plotted in Figure 2. Filled cyan dots represent systems with detected companions, while open blue dots show
systems where no companions were detected. The top panels show the Kepler magnitude of the target stars as a
function of estimated distance, with surface gravity as a function of effective temperature plotted in the bottom
panels. Effective temperatures, surface gravities, and distances, when available, were adopted from the EPIC as
described in Huber et al. (2016). For stars observed during Campaign 0 (C0), which do not appear in the EPIC, we
adopt the effective temperatures reported by Vanderburg et al. (2016) and estimate the surface gravities based on the
physical parameters of dwarf stars in Gray (2008) or adopt the effective temperatures and surface gravities of Crossfield
et al. (2016). No distance estimates are available for the C0 stars and they are omitted from the top panels of Figure
2. In addition, there are six systems with no available stellar parameters that are also omitted from Figure 2. The
plotted distances and stellar properties do not account for any known or unknown companions, which would affect the
estimated distances and stellar properties to some degree depending on the magnitude difference of the components,
but are used to show the distribution of the K2 sample and general agreement with the simulated results.
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Figure 3. Histograms of effective temperature (left) and surface gravity (right) for K2 exoplanet host stars observed at Gemini
(blue) and WIYN (cyan).
Histograms of the effective temperature and surface gravity distributions for K2 exoplanet host stars observed at
Gemini and WIYN are shown in Figure 3. When compared to the distribution of stellar properties for Kepler exoplanet
host stars in Horch et al. (2014, see their Figure 7), the K2 host star distribution peaks at approximately the same
temperature (∼ 6000 K) but has a higher fraction of cooler (fainter) stars. The log g distributions in both samples
appear similar.
Figures 2 and 3 show that our sample spans a range in effective temperature from ∼ 3000 − 8000 K, and is dominated
by dwarfs that have near-solar values with estimated distances less than approximately 900pc. This sample is far from
uniform or complete as K2 targets are chosen from hundreds of community proposals with varying selection criteria,
stellar properties, and science goals. In addition, our speckle observing strategy prioritized stars with small exoplanet
candidates within our magnitude range. However, in order to mimic a distance-limited sample of primarily solar-type
stars that we can compare to a simulated stellar population and apply the binary statistics of Raghavan et al. (2010)
to, as well as enable direct comparisons with the binary fraction of Kepler host stars derived by Horch et al. (2014), we
omit systems with d > 1300 pc and log g < 3.0. Gray dashed lines illustrate the cuts in Figure 2. To some extent, K2
is also a magnitude-limited sample, which tend to be overpopulated with binaries due to the excess flux from spatially
unresolved companions. We attempt to mimic this bias by creating simulated binaries and determining their combined
magnitude before applying our speckle magnitude detection limits (see Section 3).
3. METHODS
To determine the number of binary companions in exoplanet host systems, we need to understand the fraction
of stars and companions that can be detected by DSSI. We begin by simulating stellar populations such as those
observed with K2 and DSSI using the population synthesis code TRILEGAL (Girardi et al. 2005), which simulates
stellar parameters in any Galactic field. As noted previously, the K2 exoplanet sample is the result of community
proposed targets with a range of stellar and exoplanet characteristics, making it nearly impossible to exactly replicate.
We begin constructing our simulated sample by mimicking the distribution of K2 fields using star count simulations
centered on the five K2 fields with significant numbers of observations (excluding only C1 and C3) and two additional
pointings ± 5◦ from the center of each of the five fields. The locations of the resulting 15 TRILEGAL pointings are
shown as plus signs in the upper plot of Figure 1. Each pointing has a field of view of one square degree.
While TRILEGAL can produce binary stars with a given binary fraction and range of mass ratios, we simulate only
single stars and manually add stellar companions to the TRILEGAL output so we have complete knowledge of their
stellar and orbital properties. We begin by combining all of the simulated stars and applying cuts to mimic those
made to our K2 observations. First, we create a distance-limited sample by omitting stars with d > 1300 pc. We then
select stars with effective temperatures between 3000 K and 10,000 K and surface gravities greater than log g > 3.0.
Because the focus of the Kepler/K2 missions is solar-type stars and we tend to focus on cooler stars in general, we also
reduce the number of stars with Teff > 7000 K by 50%. After these cuts, the combined TRILEGAL sample contains
over 66,000 stars. These cuts ensure that the simulated stars mimic our target sample and enable comparisons with
other distance-limited samples of solar-type field stars as well as similar studies of Kepler stars. We applied the same
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Figure 4. Stellar properties for a randomly selected 20% of the simulated stars from all 15 TRILEGAL pointings used in this
work. Open blue circles represent stars that are detectable with DSSI using Gemini (left) or WIYN (right) but have no detectable
companions, while filled cyan circles represent stars with detectable companions. The top row shows Kepler magnitude as a
function of distance for the simulated stars, with surface gravity shown as a function of effective temperature in the bottom
row. Stars with d > 1300 pc and log g < 3.0 have been excluded, and the number of stars with Teff > 7000 K has been reduced
by 50% to better match the observed K2 stars shown in Figure 2 (see Section 3 for more details).
distance, Teff , and log g cuts to our observed sample, as shown in Figure 2, though no stars with detected companions
were eliminated (see Section 2.2).
With the trimmed sample now distance-limited and composed of primarily solar-type (and some cooler) stars we
add companions according to the statistics of solar-type field stars as determined by Duquennoy & Mayor (1991)
and Raghavan et al. (2010). Based on Raghavan et al., companion stars are added to the simulated population at
a rate of 46%. For each binary, the mass of the star output by TRILEGAL is used in combination with the mass
ratio distribution of Raghavan et al. to determine the mass of the secondary. The mass of each companion is then
used to determine its absolute V magnitude via the mass-luminosity relationship of Henry & McCarthy (1993), which
is converted to an apparent magnitude using the output TRILEGAL distance. The apparent V magnitude of each
component is then used to get a magnitude difference ∆m, which is converted to the 880 nm speckle filter by estimating
the spectral type of each star based on its mass and applying the known filter transmission curve for DSSI.
We then determine orbital elements for each binary in order to determine position angles and separations at a
randomly chosen observation epoch. Periods and eccentricities for each system were chosen according to the results
of Duquennoy & Mayor (1991), with a log-normal distribution of periods and eccentricities based on the period. We
also assign random values of the inclination (cos i), ascending node (Ω), argument of periastron (angle between the
node and periastron; ω), and time of periastron passage (T ) for each system. The masses and period for each binary
are then used to calculate the semi-major axis in astronomical units (AU) and convert it into arcseconds using the
distance from TRILEGAL.
With the magnitude difference and separation of each component, we can now test for companions detectable using
DSSI at Gemini or WIYN. To be observable the combined magnitude of the star and any companion must be brighter
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Figure 5. Histograms of the entire sample of simulated stars observable with speckle imaging at Gemini (left) and WIYN
(right). The distributions of effective temperatures (top) and surface gravity (bottom) are shown for both observatories, with a
Gaussian kernel density estimate for each sample shown as a solid black line. For comparison, the scaled distributions from the
other observatory (WIYN in yellow, Gemini in cyan) are shown on each plot, accentuating the subset of effective temperatures
and surface gravities detectable from WIYN vs. Gemini.
than the magnitude detection limit of V = 14.5 at WIYN or V = 16.5 at Gemini. As companions were added to
the simulated stars before applying the magnitude detection limit, binaries where both components have magnitudes
below the detection threshold but a combined magnitude above it will be detected. This reflects the bias for faint
systems with small magnitude differences between the components inherent in magnitude-limited observations. Single
stars above the magnitude limit are assumed to be seen as single by DSSI, but for binaries we apply a detection limit
curve, which gives the maximum observable magnitude difference as a function of the separation from the primary
star. Detection limit curves are determined for every reconstructed speckle image by measuring all local minima and
maxima in concentric annuli around the central star and deriving the mean and standard deviation for each annulus.
The detection limit for each annulus is then calculated as the average value of all maxima in the annulus plus five
times the standard deviation of the maxima. For more details see Horch et al. (2011b) and Howell et al. (2011). If the
magnitude difference of a companion is less than the value of the curve at the separation of the system then it will be
detected. Here we use average detection limit curves (see Figure 7) constructed from several unresolved objects that
have apparent magnitudes between 11th and 14th magnitudes, comparable to the stars observed in this sample.
The results of the TRILEGAL simulations with the aforementioned cuts and detection limits applied are shown
in Figure 4. We plot a random 20% of the approximately 8000 and 3000 stars detectable by Gemini and WIYN,
respectively, in order to keep the figures legible. The simulated stars are plotted according to their stellar properties,
with Kepler magnitude as a function of distance plotted in the top panels and surface gravity as a function of effective
temperature on the bottom (comparable to Figure 2). Open blue circles represent stars that are detectable with DSSI
but have no detectable companion, while filled cyan circles represent stars with detectable companions.
In Figure 5 we show histograms of effective temperature and surface gravity for the entire sample of simulated
stars detectable by DSSI at Gemini and WIYN. Gaussian kernel density estimates of each distribution are plotted
as solid black lines. The scaled distributions from the opposite observatory (WIYN in yellow, Gemini in cyan) are
over-plotted, demonstrating the larger range of stars observable at Gemini and the subset observable at WIYN. We
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Figure 6. Histograms of effective temperature (top) and surface gravity (bottom) for stars observed at Gemini (left) and WIYN
(right). Normalized distributions using Gaussian kernel density estimates for the observed K2 and simulated TRILEGAL samples
are over-plotted, with dashed black lines showing the observed distributions and solid cyan (Gemini) or yellow (WIYN) lines
for the simulated distributions. The simulated distributions are generally similar to the observed distributions, but highlight
our concentration on cooler stars, especially at Gemini.
also plot the simulated distribution against our observations in Figure 6. The solid cyan and yellow lines show the
simulated distributions from Gemini and WIYN, respectively, while the dashed black lines show the Gaussian kernel
density estimates of the observed distributions. The observed distributions are generally similar to the simulated
distributions, but the smaller number of observed stars and emphasis on cooler systems with a broad range of log g is
apparent, especially at Gemini.
In addition to physical binaries, DSSI also detects line-of-light companions or optical doubles. To determine the
frequency of line-of-sight companions in each of the 15 TRILEGAL simulation fields, we assigned random positions
within the field to each star and computed the on sky distance between these stars and those that are observable with
DSSI (using the same distance, Teff , and log g cuts described above). For stars with separations less than 1.2 arsec,
the magnitude difference between the components was computed and the average detection limit curves were used to
determine whether they would be detected as doubles with DSSI.
4. RESULTS
4.1. Observed Companion Fractions
DSSI observations of K2 stars in C0−C7 detected 23 companions to 102 stars observed at Gemini and 8 companions
to 127 stars observed at WIYN, resulting in raw companion fractions of 23± 5 % and 6± 2 %, respectively. Figure 7
shows the magnitude difference for the detected binaries as a function of separation, with the observed companions
plotted as filled cyan circles. The average speckle detection limit curve is shown as a cyan line. Because the curve is
an average of several detection limit curves for stars between 11th and 14th magnitudes, and such curves vary based
on the magnitude of the stars and the seeing conditions, it is possible to detect companions with larger magnitude
differences. One such detection is visible in each of the plots in Figure 7. Similarly, companions can be detected at
separations larger than the end of the detection limit curve at 1.2 arcsec, however, the quality of the photometry (∆m)
at such separations is not well quantified for DSSI as speckle patterns become less correlated at larger separations and
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Figure 7. Magnitude difference as a function of separation for real and simulated detections of stellar companions using DSSI.
Open black circles represent simulated binaries with bound components detectable at Gemini (top) or WIYN (bottom), while
filled gray circles represent detected line-of-sight companions from the simulations. Filled cyan circles show the separation and
magnitude difference of stellar companions discovered with Gemini and WIYN. The cyan curve is an average detection limit
curve for DSSI based on stars between 11th and 14th magnitudes. The numbers along the top of each plot give the percent of
bound companions for each 0.2 arcsec wide bin in separation.
speckles may fall out of the field when the separation is roughly equal to the instrument field of view. Therefore, to
compare our observations with the simulated sample we exclude stars with observed companions that fall above or
beyond the detection limit curves shown in Figure 7, resulting in observed companion fractions of 20 ± 5% (18 of 91
stars) at Gemini and 5± 2% (6 of 119 stars) at WIYN.
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Table 3. Simulated Companion Fractions
Gemini WIYN
Location Bound Line-of-sight Bound Line-of-sight
C0 - top 17± 1% 4.2± 0.6% 8± 2% 0.2± 0.2%
C0 - middle 19± 2% 3.9± 0.6% 5± 1% 0.2± 0.2%
C0 - bottom 18± 1% 8.8± 0.9% 10± 2% 0.4± 0.3%
C4 - top 20± 2% 1.2± 0.4% 7± 2% 0± 0%
C4 - middle 23± 2% 0.7± 0.4% 5± 2% 0± 0%
C4 - bottom 21± 2% 0.2± 0.2% 10± 3% 0.5± 0.5%
C5 - top 17± 3% 0± 0% 7± 3% 0± 0%
C5 - middle 21± 3% 0.3± 0.3% 11± 3% 0± 0%
C5 - bottom 23± 3% 0.5± 0.3% 7± 2% 0± 0%
C6 - top 17± 3% 0± 0% 4± 3% 0± 0%
C6 - middle 21± 4% 0.4± 0.4% 7± 3% 0± 0%
C6 - bottom 20± 3% 0.3± 0.3% 7± 3% 0.8± 0.8%
C7 - top 18± 1% 19± 1% 7± 1% 0.2± 0.2%
C7 - middle 19± 1% 13± 1% 7± 1% 0± 0%
C7 - bottom 19± 2% 11± 1% 9± 2% 0.9± 0.4%
Total ± stdev 19± 2% 7± 6% 8± 2% 0.3± 0.3%
4.2. Simulated Companion Fractions
The simulated results for stellar companions detectable with DSSI are also plotted in Figure 7, with bound compan-
ions plotted as open black circles and line-of-sight companions shown as filled gray circles. For Gemini, the percentage
of detected companions predicted is 26 ± 6% (2100 out of 8787 detected stars), with 73% predicted to be bound
companions and the remaining 27% optical doubles. At WIYN the predicted companion fraction is 8 ± 2% (261 out
of 3337 detected stars), with 97% predicted to be bound companions and 3% optical doubles. The fractions of bound
and line-of-sight companions determined for each of the 15 TRILEGAL pointings are listed in Table 3. The overall
predicted companion fraction for each observatory is determined by dividing the total number of binaries detectable
in all 15 simulated fields by the total number of detectable stars in all fields. The uncertainties for the total bound
and line-of-sight companion fractions are determined from the standard deviation of all 15 pointings, respectively (see
Table 3), which were then added in quadrature to obtain the uncertainty in the overall companion fractions.
Table 3 also highlights the relative crowding of different K2 campaign fields, as the fraction of optical doubles is
highest in C0 and C7, which are near the Galactic Anti-center and Galactic center, respectively. The majority of
line-of-sight companions are also found at larger separations and greater magnitude differences, as noted in Horch
et al. (2014), which is especially apparent in the Gemini simulation (see Figure 7). In contrast, the bound stellar
companions cluster toward smaller separations and magnitude differences, implying that most sub-arcsec companions
are gravitationally bound, especially in sparse fields. The percentage of bound companions for each 0.2 arsec bin in
separation is listed along the top of Figure 7.
4.3. Comparing the Companion Fractions
The results from the simulations (G: 26 ± 6%, W: 8 ± 2%) are similar to the observed companion fractions (G:
20 ± 5%, W: 5 ± 2%), and overlap within the uncertainties. This overlap increases if we include the companions
observed beyond our average detection limits (points above the curve in Figure 7), raising the observed companion
fractions to 21 ± 5% and 6 ± 2% for Gemini and WIYN, respectively. While stars with such magnitude differences
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are not allowed in the simulations, excluding these detections may underestimate our observed companion fraction as
they likely balance out stars whose companions were not detected due to poor observing conditions, even though they
would fall within our detection limits. This is especially true at WIYN, where the typical seeing is not as good as
Gemini and we are often ‘pushing the limit’ of observable magnitudes.
The slightly higher companion fractions predicted by the simulated data could also indicate that the actual companion
fraction for K2 stars is less than 46%. A lower companion fraction is possible as the sample of K2 stars includes M stars,
unlike the sample of FGK field stars studied by Raghavan et al. (2010), and low-mass stars have fewer companions than
solar-type stars (Ducheˆne & Kraus 2013; Winters 2015). To determine the effect of a different input binary fraction, we
varied the rate at which companions were added to the simulated stars and re-derived the bound companion fractions.
For Gemini, the simulated companion fraction was equivalent to our observed rate using input binary fractions of
44±9%, while at WIYN we find an input binary fraction of 40±9%. These numbers are slightly lower than our initial
binary fraction of 46%, but are equivalent within the uncertainties and consistent with the 40 − 50% range for field
stars.
As distance-limited samples can be subject to an overabundance of binaries based on underestimation of their
photometric distances, we also re-examined our observed and simulated populations without the distance cuts at
1300 pc. Including all of the stars in our observed sample, we have raw companion fractions of 23±5 % and 6±2 % for
Gemini and WIYN, respectively, or 19±5 % and 5±2 % when eliminating the detections above and beyond the average
detection limit curve plotted in Figure 7, which are essentially identical to those with the distance cut. The TRILEGAL
simulations, which are still trimmed in log g and Teff , are now constrained primarily by our limiting magnitudes at
Gemini (. 16.5) and WIYN (. 14.5), which allow for simulated distances out to ∼ 7000 pc and ∼ 5000 pc, respectively.
The resulting companion fraction for Gemini is 24 ± 7 % (6010 out of 25197 detected stars) and 8 ± 3 % (417 out of
5159 detected stars) for WIYN. While the total companion fractions are equivalent to the distance-limited simulations
within the uncertainties, the fraction of line-of-sight companions observable from Gemini increases from 27% to 42%
due to the larger number of stars included in the sample. If we then trim the distances to 1300 pc (or 900 pc to more
closely match our observed K2 stars), we get companion fractions of 26% (27%), with 23% line-of-sight companions,
for Gemini and 10% (11%) for WIYN.
5. DISCUSSION
5.1. Comparison with Kepler
As noted earlier, Horch et al. (2014) conducted a similar study of exoplanet candidate host stars in the Kepler field
of view, employing TRILEGAL simulations and DSSI detection limits to compare predicted and observed companion
fractions at Gemini North and WIYN. They determined observed companion rates of 22.8 ± 8.1% (8 of 35 stars) at
Gemini and 7.0± 1.1% (41 of 588 stars) at WIYN, which agreed within the uncertainties to their simulated results of
19.7±0.4% and 7.8±0.4%, respectively. Their observed companion fractions are also consistent with what we observe
for K2 (G: 20±5%, W: 5±2%). The predicted companion fraction for WIYN is also the same between the two studies,
however, we derive a larger companion fraction at Gemini. This is likely due to the more crowded fields observed with
K2 (specifically C0 and C7), as we derive a higher percentage of optical doubles at Gemini (27% vs. their 16%).
Unlike with Kepler, however, the K2 planet candidates have not been as strictly vetted and there is often conflicting
evidence on whether a planet remains a candidate or is a false positive. As such, we cannot produce a clean sample of
confirmed planet host stars in order to make a conclusive statement about their binarity. If we only consider planet
candidates with no data suggesting they are false positives or eclipsing binaries on the ExoFOP website, the observed
companion fraction drops to 10% for stars observed with Gemini, but remains at 5% for WIYN. However, none of
the stars omitted as potential false positives have follow-up work that excludes the existence of a planet, and the
occurrence rate statistics of Kepler suggest most stars (and wide binaries) are likely to have at least one planet (Burke
et al. 2015). Therefore, while we cannot state that all of the stars observed have validated planets, we can conclude
that the companion fraction of 40−50% found in nearby field stars (Raghavan et al. 2010) and the Kepler field (Horch
et al. 2014) is consistent with the K2 Campaign fields.
5.2. Close Stellar Companions and Exoplanets
Several studies have suggested that close binaries are suppressed among populations of exoplanet host stars. Horch
et al. (2014) and Deacon et al. (2016) looked at the rates of wide binaries among exoplanet host stars in Kepler and
found no difference from the binary rate among field stars. However, Wang et al. (2014a) and Kraus et al. (2016) have
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Figure 8. Real and simulated detections of stellar companions plotted as a function of separation in AU. Open black circles
represent simulated binaries with bound components detectable at Gemini (top) or WIYN (bottom), while filled gray circles
represent detected line-of-sight companions from the simulations. Filled cyan circles show the separation and magnitude dif-
ference of stellar companions discovered with Gemini and WIYN. A gray dashed line is plotted at 50 AU, the semi-major axis
within which stellar companions are suppressed in exoplanet systems according to Kraus et al. (2016).
concluded that stellar companions are suppressed inside ∼ 20 − 50 AU for exoplanet host stars. Wang et al. (2014a)
examined a sample of 138 multi-planet candidate systems from Kepler and found a stellar multiplicity rate significantly
lower than field stars for semi-major axes less than 20 AU, and possible suppression out to 85 AU. Kraus et al. (2016)
used high-resolution imaging to detect 506 companions to 382 Kepler planet candidates, combining adaptive optics
and aperture masking to probe for companions on solar-system scales of 1.5 − 50 AU. They found that close binary
companions within ∼50 AU are suppressed by a factor of 34% in systems with exoplanets, implying that it is rare for
planetary systems to form when a binary companion is present on solar-system scales.
With DSSI’s ability to detect companion stars at the diffraction limit of the telescope (∼ 0.05” at WIYN, ∼ 0.027”
at Gemini) and the closer distances of many of the K2 stars, we can examine our sample of planet candidate host stars
for evidence of suppression of close binary companions. Of the 29 companions detected with speckle imaging, 26 of
them have distance estimates provided in the EPIC that we can use to convert the observed separations from arseconds
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Figure 9. Histogram showing observed companion separations within 300 AU for Gemini (blue) and WIYN (cyan). Projected
separation distributions from Kraus et al. (2016) have been scaled to our data and over-plotted. The solid black line shows their
predicted distribution of binary companions with mass ratios larger than 0.4 based on Raghavan et al. (2010), while the dashed
line shows the same distribution with binary companions suppressed by a factor of 0.34 inside of 47 AU (see Figures 7 and 8 in
Kraus et al.). While our sample size is too small to draw any definitive conclusions regarding the suppression of close stellar
companions, setting the bin size to a (unreasonable) value of 12 AU shows no apparent suppression of stellar companions within
∼ 50 AU and our distribution remains peaked toward smaller separations.
to AU. The magnitude difference of the real and simulated stellar companions are plotted as a function of separation
in AU in Figure 8. The gray dashed line marks the ∼ 50 AU semi-major axis cutoff found by Kraus et al. (2016).
Note that none of the simulated line-of-sight companions fall in this region. At Gemini, 8 of the 21 (38%) observed
companions are within 50 AU of the primary star, while 3 of the 6 (50%) companions detected at WIYN are within
50 AU (one companion was detected by both telescopes). Figure 9 shows a histogram of the K2 companions detected
with Gemini and WIYN as a function of separation out to 300 AU, as well as projected separation distributions from
Kraus et al. (2016) with (dashed line) and without (solid black line) companion suppression. The distributions from
their Figures 7 and 8 were scaled down to our sample size of 26 and are plotted linearly. Using a (unreasonable) bin
size of 12 AU to examine the companions observed inside of 50 AU, we do not see evidence of companion suppression
as our distribution is peaked towards smaller separations and more generally follows the projected separation curve
without suppression.
As K2 includes more M-stars then the Kepler sample, and smaller stars have planets at smaller separations relative
to solar-type stars, we examined the spectral types of the stars that have companions within ∼ 50 AU to ensure we are
not looking exclusively at companions to smaller stars. However, only 3 of the 10 stars with close stellar companions
are M-dwarfs, and none fall in the first bin of Figure 6. Therefore, while we cannot make any definitive statements
regarding the companion fraction of exoplanet host stars at close separations due to the small number of stellar
companions observed to date and the unconfirmed nature of several of the planets, our observations do not indicate a
lower rate of close-in stellar companions.
6. SUMMARY
In this work we compare the observed companion fraction for a sample of 206 exoplanet host stars detected by
K2 and observed with DSSI speckle imaging to simulated stars for five different K2 campaign fields. The stars were
simulated using TRILEGAL, with stellar companions added according to Raghavan et al. (2010), and the detectable
companions determined by applying the established detection limits of speckle imaging. The observed companion
rates of 20 ± 5% using Gemini and 5 ± 2% using WIYN agree within uncertainties to the expected rates of detected
companions of 26 ± 6% and 8 ± 2% for Gemini and WIYN, respectively. Therefore, based on the expected binary
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fraction of 46% from Raghavan et al. (2010), we show that the K2 exoplanet host stars have a binary fraction of
40− 50%, similar to that of field stars and Kepler exoplanet host stars.
The simulations also predict that a majority of stellar companions within ∼ 1′′ will be bound to the host star, though
the magnitude difference and congestion of the field should be considered (See Figure 7). Finally, using the magnitudes
and separations probed by DSSI speckle observations we do not see evidence of stellar companion suppression within
∼ 50 AU of exoplanet host stars. However, more high-angular resolution images are needed to probe solar-system
scales around additional exoplanet hosts. Accordingly, we are using our upgraded speckle imagers, NESSI at WIYN
(Scott et al. 2018a) and ’Alopeke (Scott et al. 2018b) at Gemini North, to continue observing the bright and close K2
exoplanet hosts for which our resolution limits extend to such scales.
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